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In recent years, renewable and sustainable energy have become more and more impor-
tant for society, economy, and science. Hence, there are several researches and devel-
opments regarding solar energy, wind energy, as well as geothermal energy. However,
in the present energy mixture they are relatively small and need further development
and research. Especially geothermal resources provide a high potential compared to
the already well established solar and wind energy. Geothermal reservoirs are often too
spatially limited or too uneconomical, due to low temperatures or low permeability,
in order to produce electricity. Therefore, extensive exploration efforts are necessary
to achieve the highest possible productivity out of a potential reservoir. In the past,
geothermal developments were mainly focussed on areas of high temperatures at shal-
low depths, as they occur in Iceland or in some regions of Italy and France. However,
most areas in the European Union (EU), such as in most parts of Germany, do not
provide the named conditions. Although geothermal exploration in the EU has already
been carried out for several years, there is no standardized or common approach for
geothermal reservoir characterization, exploration, and exploitation. This applies for
shallow high-temperature magmatic resources as well as for reservoirs at greater depths
which are more difficult to detect from the surface. In this context, potential methods
like gravity or magnetotellurics (MT), and seismic methods involving monitoring of
micro-earthquakes as well as a few surface refraction or reflection surveys play a pre-
dominant role in determining the extent and characteristics of a geothermal reservoir.
Those often do not provide a sufficient resolution, especially in areas of hydrothermal
alteration and where high-permeable or porous rocks result in strong attenuation. The
use of borehole seismic methods may provide an interesting tool with great potential
1
1.2 Project IMAGE 2
for a better illumination of the subsurface structures in the vicinity of the geothermal
reservoir where fluid and heat transport often occur along vertical pathways resulting
in partly steeply dipping fault systems. As part of the EU project entitled Integrated
Methods for Advanced Geothermal Exploration (IMAGE), a borehole seismic experi-
ment was carried out to assess the applicability of Vertical Seismic Profiling (VSP) as a
method for delineating subsurface structures like magmatic bodies, zones of supercrit-
ical fluids, superheated steam, and zones of high permeability in a volcanic geothermal
environment1.
In this thesis, I present the application of VSP within the high-temperature Krafla
Geothermal Field in the NE of Iceland. In the first chapter, an introduction about
the project IMAGE and the survey area is presented. The geology of Iceland based
on geological mappings will be introduced, together with the lithology of the Krafla
Geothermal Field itself. In addition, I want to discuss the principles of borehole seismics
or VSP, and seismic migration. After summarizing the survey details, the processing
of the acquired data is presented and will be interpreted. In the end, the results of the
migration are summarized giving a conclusion and outlook to further research.
The data presented in this work are a subset comprising a VSP in a single well with
one zero- and one far-offset source location. The complete dataset was acquired during
two weeks field work in May and June, 2014.
1.2 Project IMAGE
The project IMAGE is an ongoing, four years collaborative energy research project
(11/2013 – 10/2017) which is funded by the European Union under the 7th frame-
work programme ENERGY — ”Exploration and Assessment of Geothermal Reser-
voirs“ (FP7-ENERGY-2013.2.4.1). Its main goal is to develop a general and reliable
exploration and assessment method to image geothermal reservoirs at the basis of an in-
terdisciplinary scientific background. Thereby, three main aspects are to be considered
(see Hopman, 2014):
• Advanced understanding of processes and properties at European to local scales
providing essential information about rock parameters needed by exploration
methods;
1http://www.image-fp7.eu
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• The usage of both conventional exploration techniques (geological, geochemical
and geophysical) as well as new approaches beyond state of the art, to investigate
and image subsurface rock structures;
• Field integration to validate and test all new derived and available information
to generate a final model.
The whole process can be considered as a feedback loop as represented in Figure 1.1,
and where the different concepts are linked together. Moreover, the project is mainly
separated into a magmatic, and a basement/sedimentary system. There are test sites
(Krafla, Iceland for magmatic and Soultz, France for basement/sedimentary), analogue
sites of exhumed geothermal systems (Geitfall, Iceland and Elba, Italy), and demon-
stration sites (Reykjanes, Iceland and Litomerice, Czech) for both systems, and thus




















Fig. 1.1: Simplified concept of the EU project IMAGE and integration of the VSP
measurement at the Krafla test site. Adapted from IMAGE project proposal IMAGE-
DoW.
A test site with a magmatic background is the geothermal field at Krafla in NE-
Iceland. Besides previously applied magnetotelluric and resistivity surveys as well as
analyses from micro-earthquakes from a passive seismic network, a VSP test experiment
was realized in two boreholes. The project’s aim mainly stems from the problems
of surface seismic reflection techniques which suffer from high scattering of seismic
wave energy (Planke et al., 2000). Therefore, the VSP experiment is tested to image
boundaries of magmatic layers and zones of supercritical fluids or steam. Krafla has
been chosen because good knowledge of the subsurface was already acquired from
various borehole data and drilling investigations, which can be compared with the
results of the borehole seismic imaging.
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The survey was successfully carried out and encompassed several different experi-
ments within two different wells (K-18, K-26) which are, for the sake of completeness,
summarized in Table 1.1. The source comparisons included i.a. a line source test as
well as low charge dynamite shots close to the air gun sources. In my further work,
I will only refer to the data recorded in well K-18 comprising one zero-offset and one
far-offset VSP experiment.
Tab. 1.1: VSP experiments carried out in the Krafla Geothermal Field.
# Experiment Priority Well
1 Zero-Offset VSP (ZOVSP) high K-18, K-26
2 Far-Offset VSP (FOVSP) high K-18, K-26
3 Multi-Offset VSP (MSP) medium K-18, K-26
4 Source Comparison low K-18, K-26
5 Passive Seismic Monitoring low K-18
1.3 Geological Background
1.3.1 Iceland
Iceland, situated between Greenland and Norway (63◦23′N – 66◦30′N), is geologically
a very young island where rocks are not older than 14 to 16 Ma (Thordarson and
Hoskuldsson, 2002).
As it is for instance well described by Thordarson and Hoskuldsson (2002), Iceland
can be considered as an expression of the mid-atlantic ridge (MAR) above the sea level,
and as such, is part of the basaltic oceanic crust which is uplifted by the Iceland mantle
plume, being active for almost over 65 Ma. This mantle plume is located under the
ridge leading to a spreading of the ridge by approximately 2 cm/a. Thereby, vertical
dykes providing pathways for upwelling magma. Due to stacking of plateau basalts, a
20–30 km thick crust with wide joints and faults has been formed. The volcanic system
of Iceland, comprises 20–50 km wide rift zones summarized in the Neovolcanic Zone
(NVZ) as shown in Figure 1.2 (A). These rift zones appear as swarms of linear volcanic
fissures and are confined to narrow belts (Figure 1.2, B). The major active volcanic rift
zones of Iceland are the: Reykjanes, Northern, Western and Eastern Rift Zone. The
stratigraphical succession is mainly distinguished by Tertiary Basalts, Plio-Pleistocene
and Upper-Pleistocene rock formations.
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Fig. 1.2: A) Simplified geological map of Iceland linked with geothermal surface
manifestations typically expressed by hot thermal springs (black and white circles)
or fumarols (not shown). B) Close-up of the northeastern part of Iceland marked in
(A) showing volcanic zones and fissure swarms. Modified from Wohletz and Heiken
(1992), Nielsen et al. (2000).
Iceland is a highly volcanically active island. Hence, topography and geology are
mainly characterized by erosion and volcanism. There are about 31 active volcanic
systems, each dominated by several fissure swarms and a central volcano. Former are
stated to be evidence for a deep magma reservoir, whereas the latter indicates a shallow
crustal magma chamber. In addition, Iceland is absent of metamorphic rocks and 75 %
of the exposed rocks are igneous rocks partitioned into 75% mafic and 25% felsic to
intermediate rocks (Thordarson and Hoskuldsson, 2002).
1.3.2 The Krafla Geothermal Field
The Krafla Geothermal Field is part of the Krafla Volcanic System which is located
in the northern volcanic rift zone, in northeastern Iceland (see Figure 1.2, B), and
can be considered as the by-product of the surrounding active volcanism (Rybach
and Muffler, 1981). The Krafla system is characterized by a central volcano which
developed an approximately 8–10 km wide caldera during the last interglacial period.
It has been mostly filled up with volcanic materials. Several faults and fissures are
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oriented in a NS trending direction (see Figure 1.3). Geothermal surface manifestations
and zones of hydrothermal alteration (i.e., the formation of secondary minerals by the
influence of hydrothermal solutions) are present and are the most obvious evidence of
a deeper rooted geothermal activity (Wohletz and Heiken, 1992). A magma chamber
is located from 3–7 km depth directly beneath the Krafla central volcano (Einarsson,
1978). In recent history, this was mainly confirmed by refraction and passive seismic
methods (e.g., Brandsdóttir et al., 1997, Staples et al., 1997, Tang et al., 2008). Recent
magnetotelluric (MT) and micro-seismic data analyses further confirmed the presence
of the chamber which is divided into a western and an eastern part (Friðleifsson et al.,
2014). Its outline is roughly determined by a low resistivity zone (gray shaded area in
Figure 1.3, B) assuming the top of the chamber at 2.5–3 km depth, though the exact







0 1 2 kmCross Section
A)
B)
Fig. 1.3: A) Map of Iceland with the neovolcanic zone (gray) and the survey location
(black square). B) Geological map of the Krafla volcano. Faults and fissures are
displayed together with the main fault of the caldera rim. The gray shaded area
indicates the location of the inferred magma chamber. The red circle marks the
location of the well K-18. The dashed line marks the associated cross section which
is shown in Figure 1.4. Modified after Elders et al. (2011).
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The dominating rock types within the Krafla Geothermal Field are extrusive and
intrusive igneous rocks. The former mainly distinguishes between lavas formed during
eruptions in contact with air being largely crystalline, and hyaloclastites2 formed during
eruptions in contact with water or during sub-glacial eruptions containing glassy shards
and particles. The latter named intrusives, such as gabbros or dolerites, are more
crystallized and often less porous than the lavas. Another important role relates to the
geothermal alteration, which indicates a change in temperature, effecting the porosity,
and mineral assemblage of the rocks. Hence, a change of the physical properties can be
expected. Furthermore, the rock porosity is mostly fracture dominated and amounts
20–30%3.
Figure 1.4 shows a simplified lithological cross section through the study area, giv-
ing an overview of the subsurface rock layers with some of its major fault systems.
Figure 1.4 also indicates, that despite of the complex dyke and fissure structures the
lithology can generally be regarded to dip horizontally (on larger scales). A closer view
on the lithology and alteration zones, with respect to well K-18, is given in Figure 3.5.
Overall, the area at and around the Krafla Geothermal Field has been frequently active
in the past ten to hundred thousands of years. The latest volcanic activities comprising
continuous eruption series were the Myvatn fires from 1724–1729 and the most recent
Krafla fires between 1975–1984 (e.g., Grönvold, 1984, Saemundsson, 1991).
Since Iceland is economically strongly linked to the geothermal energy, the con-
struction of a geothermal power plant at the southwest flank of Mt. Krafla (818 m asl)
started in 1974 and finished in 1998. Today, Landsvirkjun operates the power plant
which consists of two 30 MW steam turbines, producing 60 MW electricity out of 55
injector and producer wells (Nielsen et al., 2000). The high-temperature geothermal
field reaches temperatures of 190–210 ◦C at shallow depth (≤ 1200 m) and over 300 ◦C
around 2200 m. The reservoir is basically separated into a upper region dominated
by water and a lower one characterized by high temperature super-heated steam. The
permeability is mainly connected to subsurface fracture zones. There were comprehen-
sive geophysical, geochemical and geothermal investigations revealing a more complex
system than previously assumed. However, until now, no reflection seismic or borehole
seismic imaging has been carried out so far.
In the following chapter, the history and principles of VSP, the theory of seismic
wave propagation, and the method of seismic migration are discussed.
2Hyaloclastites are often used in a collective sense for all subaquatic volcanic products, such as
pillow lavas, pillow breccias and tuffs (Wohletz and Heiken, 1992).
3From personal communication at the IMAGE WP4.2 Workshop in Oslo, November 2015.



















Fig. 1.4: Simplified lithological cross section through the Krafla Geothermal Field.
Section reaches from the Suðurhliðar field in the east to the Leirbotnar field in the
west (also compare with Figure 1.3). It illustrates the characteristic succession of
altered hyalocalstic and basaltic lava formations underlayed by basaltic intrusions.
Furthermore, the main fracture and fissure craters (e.g., Hveragil fissure) are shown
(solid black lines). Numbers on top mark relative well locations (red line: well K-18).
Modified after Friðleifsson et al. (2006).
Chapter 2
Theory
This chapter introduces the method of Vertical Seismic Profiling followed by the deriva-
tion of the wave equation which is used to describe the propagation of elastic waves in
the subsurface. Furthermore, the concept of seismic migration as a method to image
subsurface reflections is outlined.
2.1 Vertical Seismic Profiling
Vertical Seismic Profiling (VSP) is a geophysical method combining seismic sources
at the surface (or near-surface) with receivers (e.g., geophones) placed in a borehole
(Figure 2.1). Hence, it allows to study the effect the earth has on a seismic wavelet







Fig. 2.1: Principle of Vertical Seismic Profiling. Modified after Hardage (2000).
9
2.1 Vertical Seismic Profiling 10
The first documentation of a downhole seismic method, as presented by Hardage
(2000), was in the early 20th century. At that time, Fessenden (1917) described the
application of buried sources and geophones in a patent from 1917. Here, he used that
method to map hidden or buried ore bodies in the subsurface. Afterwards, downhole
seismic measurements were mainly associated with the hydrocarbon industry. There,
it was primarily used as a method for velocity measurements and was of minor inter-
est to the scientific community at that stage. From the 1950s onwards, the potential
of borehole seismic measurements like whole wavefield considerations or the applica-
tion of more complex survey geometries has been emphasized. Nonetheless, velocity
information still received most of the attention. In the following two decades, most
of the developments took place in the former USSR and were mainly pushed by the
enthusiastic work of Gal’perin (e.g., Gal’perin, 1974). He was a pioneer in the devel-
opment of the main concepts of VSP. Since 1970, more and more publications from
non-USSR countries appeared and achieved a steady attention including national and
international meetings and educational courses. By that time, the petroleum industry
was still the major contributor and user of the VSP techniques. This has not much
changed at present time, where VSP has evolved to a standard method in the industry
all over the world.
Today, VSP combines the whole spectrum of seismic wave analyses trying to image
subsurface structures with high resolution. Thus, it describes a far greater scope of
usage than the former simple profiling method and therefore it has been suggested to
rather use the term borehole seismic imaging instead of VSP1. In geothermal explo-
ration, VSP still plays a minor part, and by now, there are no reported applications of
VSP in Iceland, though there are already some efforts of VSP related with geothermal
exploration reported for instance by Nakagome et al. (1998), Riedel et al. (2015), and
Hloušek et al. (2015).
VSP surveys mainly distinguish between zero-offset, offset or multi-offset, and far-
offset surveys. Here, the horizontal distance (offset) between the source and the well
location differs from a few meters for a zero-offset VSP to some kilometres for a far-
offset VSP. Instead, at a walk-away VSP, sources are elongated at multiple offsets away
from the well. For a horizontal well, this refers to a walk-above VSP. Massive three-
dimensional (3D) surveys are very expensive and complex but also deliver the most
accurate results in terms of spatial coverage.
1According to A. (Guus) J. Berkhout (Delft University and co-founder of the Delphi Consortium),
2015 at the 3rd EAGE Workshop on Borehole Geophysics in Athens.
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Most commonly, air guns, dynamite explosives, or vibrators are used for the seismic
signal excitation. The choice of the source depends on the present geology, the survey
design, as well as logistic or financial restrictions. Furthermore, they differ in their form,
such as phase, amplitude, and frequency characteristic of the emitted seismic wavelet.
Studies on the usage of different sources were made, for example, by Yordkayhun et al.
(2009).
As shown in Figure 2.1, a number of receivers can be placed, electro-mechanically
coupled, and moved along a well to record the arriving energy in the subsurface. The
quality of the recorded data is mainly determined by the receiver-well coupling and
depends on the condition and quality of the borehole wall and casing (Hardage, 2000).
The receiver spacing, which is the effective distance between consecutively placed re-
ceivers in the well (for a single receiver: the distance between each movement), is crucial
for the vertical resolution of a particular VSP geometry. A sufficient receiver spacing
should be at least half of the shortest wavelength to be expected for the survey. Thus,




Here, λmin is the minimal wavelength that can be recorded if the highest frequency
component fmax of a wavelet travelling a depth interval (such as the distance between
two receivers) at the lowest velocity vmin, without resulting in digital aliasing. It is
comparable with the Nyquist criteria for sufficient time sampling needed to preserve
all frequency components of a digitalised signal given by:
∆t ≤ 12 · fmax
, (2.2)
and by which defines the minimal time sampling interval necessary to recover a signal
with the highest frequency fmax. Further features gained from a proper depth sam-
pling are for instance velocity profiles from first-break picks or wavefield separation
procedures that often enclose processes in the frequency-wavenumber (f-k) domain.
One of the main concepts and benefits of VSP is the ability to distinguish between
the upgoing and downgoing wavefield, or the reflected and direct arrivals, respectively.
Figure 2.2 illustrates the propagation types by means of a simplified two layer model
(A) and the associated arrival times as they would be recorded from the receivers inside
the well (B). The wavefield basically composes as followed:
• up- and downgoing direct waves (primaries),
• up- and downgoing multiples,
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• up- and downgoing tube waves (not shown).
Common VSP surveys, as applied by the oil and gas industry, often use data from one-
component (1C) geophones. Whereas nowadays, VSP surveys also often incorporate
three-component (3C) geophones. Hence, the complete wavefield of P- and S-waves, as
well as their converted reflections can be recorded, and thus, provide a higher spatial
resolution of the subsurface image (Goertz et al., 2003). However, processing and
interpretation become more complex and time-consuming at the same time.























Fig. 2.2: Interpretation of VSP data. A) Depth model of two horizontal reflectors
(bold lines). Colored lines show possible ray paths of a wave emitted by a source
(S). B) Associated time-depth section recorded by a finite number of receivers in
the borehole. Letters A–C mark three specific receiver positions in the depth model
and the seismogram. Numbers indicate commonly recorded wave modes: 1 - First
downgoing arrival (first-break, FB); 2, 3 - Reflection at a layer interface (primary
reflection); 4 - Reflection of a first-order multiple. Modified after Yilmaz (1990).
Depending on the survey geometry, there are standard interpretive processing flows
for 1C and 3C data as described by Hinds et al. (1996). More comprehensive imaging
and migration techniques can be applied to extend further interpretations as shown
in Chapter 2.3. VSP, in contrast to surface seismic acquisitions, provides a higher
frequency content of the recorded wavefield by placing receivers directly into the sub-
surface close to the area of interest. As a result, high-attenuating surface layers (or
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near-surface weathering layers) must be only traversed once. Furthermore, the differ-
entiation of up- and downgoing waves provides information about the subsurface like
near-well reflectors or velocity profiles. A comprehensive treatment of VSP and its
applications are shared by Hardage (2000).
2.2 Seismic Wave Propagation
The propagation of elastic waves can be described by the wave equation (e.g., Fowler,
1990). Regarding a homogeneous isotropic, elastic medium, there is a linear relation
between the internal forces σ and the resulting deformation ε. In addition, the motion
of a particle can be described by the displacement ui + dui resulting from a translation





dxj = aijdxj. (2.3)
Here, the Einstein notation is used. The displacement tensor a can be separated into











is symmetrical and consists of 6 independent components. The stress σ is defined as
the force F acting upon a surface element dA, thus
Fi = σijdAj. (2.5)
Due to its symmetry, the stress tensor σ comprises 6 independent components: the
normal stresses are described by the major diagonal elements, and the shear stresses
by the minor diagonal elements. Stress and strain are linked by the generalized form
of Hooke’s law:
σij = Cijmnεmn, (2.6)
forming the basis of the theory of elasticity. Cijmn is the stiffness tensor, a tensor of
4th order. In the case of an isotropic and homogeneous body, Equation 2.6 simplifies
to
σij = 2µϵij + λδijεkk, (2.7)
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with only two independent elastic constants: the Lamé modules λ and µ. The Euler’s








It describes the temporal behaviour of a material, where fi describes the external
volume forces on a body with the density ρ. Together with Equations 2.4 and 2.7 one




= fi + µ
∂2ui
∂xj∂xj
+ (λ + µ) ∂
2uj
∂xj∂xi
ρü = f + µ∆u + (λ + µ) ∇ (∇ · u) (2.9)
Let fi = 0, thus neglecting external volume forces, Equation 2.9 simplifies to:
ρü = µ∆u + (λ + µ) ∇ (∇ · u) . (2.10)
The displacement field u can be expressed as the summation of an incompressible and
irrotational vector field, i.e. u = ul + ut. Hence, by applying ∇ · ut = 0 and ∇ × ul = 0




= c2l ∆ul, (2.11)
∂2ut
∂t2
= c2t ∆ut. (2.12)










for longitudinal (ul) and transversal waves (ut). In many applications it is often
favourable to express the wave equation in terms of a scalar potential Φ and a vec-
tor potential Ψ; the so called displacement potentials. The displacement u can be
expressed as below:
u = ∇Φ + ∇ × Ψ. (2.14)
2In R3 : u = u⃗ = ui
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Substituting Equation 2.14 into 2.11 and 2.12 by using the vector identities3, one

















Solving Equations 2.11 and 2.12, their solutions depict the two types of elastic body
waves (compressional and shear wave) propagating inside a volume. The compressional
(or longitudinal) wave travels at the velocity cl and is polarized in the direction of
propagation whereas the shear (or transversal) wave travels at the velocity ct and is
polarized perpendicular to the direction of propagation through the medium.
Besides the well known body waves (P, SV, SH waves), there are also other wave
types like surface waves (Love, Rayleigh waves) or guided waves. Especially, the tube
waves (Stoneley, Pseudo-Rayleigh waves) play an important role within borehole seismic
and borehole acoustic applications. They can occur along the interface of a fluid-filled
borehole and the surrounding rock formation, being slightly to strongly dispersive and
result in relatively high amplitudes in the vicinity of the well (Biot, 1952). Stoneley
and Rayleigh waves only occur for a fast formation, where the formation shear velocity
exceeds the velocity of the bore fluid. Borehole seismic measurements often suffer from
such wave modes as they can disturb later arrivals like the reflected body waves.
2.3 Seismic Migration
Generally, in reflection seismics, migration (lat. migrāō: “I migrate; depart to another
place.”) is understood as the transformation of an event recorded in a seismogram (x-t
plane) to its true subsurface location (x-z plane). Here, x refers to the seismic trace
or time series recorded over the time t by a receiver at a specific location x. Early
interpretations of reflection seismic data by mapping reflections correctly at depth
was first introduced by Hagedoorn (1954). Based on the summation along surfaces
of maximum convexity or surfaces of equal reflection time, reflector elements could be
moved laterally to their true subsurface location. Modern migration methods are based





3∇ · (∇ × Ψ) = 0, ∇ × (∇Φ) = 0, and ∇ × (∇ × Ψ) = (∇ · Ψ) ∇ − ∇2Ψ
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and the reconstruction or imaging of structures from its extrapolated wavefields. Com-
mon migration methods, which base on the solution of the wave equation, are the finite-
differences (FD) (Claerbout, 1986), the frequency-wavenumber (ω-k) (Stolt, 1978), and
the Kirchhoff migration (Schneider, 1978). One generally distinguishes between time
and depth migration. The former assumes velocity variations only in the vertical direc-
tion. The latter also allows horizontal velocity variations obeying Snell’s law (Sheriff,
2002, Margrave, 2005).
The FD migration is a numerical approach by approximating the partial derivatives
of the wave equation with the associated difference quotient. Its algorithm is fully re-
cursive and also works for lateral velocity changes (Berkhout, 1982). The ω-k migration
applies in the frequency-wavenumber domain, after the 2D-Fourier transformation of
the wave equation. In practical applications, this method is fast, but lateral velocity
variations cannot be handled properly. Finally, the Kirchhoff migration is based on the
diffraction stack integral which is similar to the Kirchhoff’s integral solution of the wave
equation (Berkhout, 1982), and is discussed in Section 2.3.1. In surface seismics often
pre-processed common midpoint (CMP) stacks4 are used for the migration process. A
CMP section which was stacked prior to the migration is called poststack migration.
Vice versa, a migration of single shots and eventually stacking these, is called prestack
migration. With prestack migration, dipping events are imaged more accurately. In
contrast to poststack migration, a lower signal-to-noise ratio (S/N) of the final image
can be expected.
The type of migration method which is applied, depends on different parameters
like the survey geometry, spatial receiver coverage, and aperture width. Often, in large
industrial surveys, where only one-component (1C) datasets are recorded and the shot-
receiver coverage is extremely dense, full waveform reverse time migration algorithms
are state of the art (Robein, 2010). However, for smaller surveys with less spatial cov-
erage like for a limited VSP survey, as presented in this work, different methods must
be applied. Three-component (3C) datasets, which means data is recorded in all three
directions in space, favours the usage of a multicomponent Kirchhoff depth migration
(KDM). Nonetheless, due to the limited observation coverage, as for VSP, where re-
ceivers are elongated along one line, the occurrence of migration artefacts makes the
migration images often difficult to interpret. Modified migration schemes are applied
to reduce these artefacts by incorporating additional information like polarization at-
tributes (Takahashi, 1995) or Fresnel weights (Buske et al., 2009, Lüth et al., 2005) to
increase their interpretability.
4In seismic exploration a stack refers to the summation of amplitudes over a certain set of traces.
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2.3.1 Kirchhoff Migration
The Kirchhoff migration is usually expressed by the diffraction-stack integral (DSI)
M (r) = − 12π
∫ ∫
A
W (r, r′) U̇ (r′, tD) dr′ (2.18)
which is similar to Kirchhoff’s solution of the scalar wave equation (Buske et al., 2009),
both of which are physically equivalent. They differ in that the DSI describes a back-
ward and the Kirchhoff integral a foreward extrapolation of the wavefield in time by
summing all contributions of Huygen’s secondary sources (Goertz, 2002). In Equa-
tion 2.18, M is the value of an image point in r which is obtained by integrating the
wavefield U recorded by a receiver in r′ along its diffraction surface and aperture. The
aperture (A), is the area which is spanned by all sources and receivers that are in-
corporated in the procedure. The factor W treats the amplitude corrections and is
used if a true-amplitude (dynamic) migration is applied (Goertz, 2002). True means,
that amplitudes remain undisturbed by the amplitude and phase characteristics of the
migration process as well as that attenuation and spreading effects are corrected. The
time derivative U̇ of the input wavefield is used for the correct treatment of the impulse
response of the equivalent migration operator, and is necessary for the practical (dig-
ital or computational) implementation of the equivalent migration integral (Newman,
1975). For W = 1, the migration is purely kinematic, and reflection coefficients cannot
be retrieved from the amplitudes. Finally, tD = tS + tR is the recorded diffraction time,
which composes of the traveltime tS from a source (S), and the traveltime tR from a
receiver (R) to the image point M , respectively.
Equation 2.18 can be intuitively interpreted as a weighted sum along hyperbolic
diffraction curves in 2D (surfaces in 3D). Considering a point diffractor (a very small
area at which arriving waves are reflected into all directions) in a homogeneous, isotropic
medium. Then, a seismic experiment at the surface, and where receivers are placed in a
finite distance to a source, would result in a diffraction hyperbola recorded at the time t,
over the distance x (Figure 2.3). In 3D, these are hyperboloid surfaces. The diffraction
summation method searches the input data in the x-t plane for energy being reflected
from a point diffractor which is located at a particular point in the image domain (x-z).
Thus, all amplitudes are summed (stacked) along a diffraction curve that corresponds
to an apparent source in each point of the x-z plane. Here, z corresponds to the depth.
Reversely, a single event in the x-t plane, having the diffraction time tD = tR + tS,
would result in a semi-circle in the image plane, also called the two-way traveltime
(TWT) isochrone. The isochrones for every sample of the recorded data can finally
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be superimposed and would finally result in the same image (Yilmaz, 1990). Both,
diffraction-stack and summation along isochrones are physically equivalent, referring
to the concept of duality or the Hagedoorn principle (Hagedoorn, 1954). This concept
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Fig. 2.3: Illustration of the diffraction-stack and isochrone-summation principle of
a point diffractor in a 2D homogeneous, isotropic medium. After Robein (2010).
In a homogeneous, isotropic medium, constant velocities for P- and S-waves can
be applied, and traveltimes can be calculated analytical for each subsurface point.
However, for more complex velocity distributions like heterogeneous and anisotropic
media different approaches like finite-differences or ray-tracing methods are needed to
calculate the traveltimes. As mentioned above, the migration quality often suffers from
significant migration noise (e.g., migration smiles) of geometries with sparse sampling
and limited apertures. This can be overcome by restricting the migration operator (the
diffraction curve) and thus, constraining the contribution of samples to a reflection in
a heuristical or physical way. Moreover for 3C recorded data, the wavefield must be
projected onto its expected direction of polarization (Lüth et al., 2005).
2.3.2 Fresnel Volume Migration
The Fresnel volume migration (FVM) is an approach to restrict the migration operator
to the physically defined Fresnel zones depending on the frequency content of the input
data (Buske et al., 2009). Hereby, the smearing of the recorded wavefield amplitudes
occurs only within the first Fresnel zone. In other words, the migration operator is
restricted to an area where a constructive contribution, which is half the wavelength of
the reflected signal, is ensured. In the general procedure, a ray starting at the receiver
R with a certain emergent angle, is back-propagated to its two-way traveltime. For a
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homogeneous medium, this point refers to the mirrored source location S′ of the actual
reflector (Figure 2.4). The reflector element is located at the intersection, the image
point M of the back-propagated ray and the two-way traveltime isochrone. Finally,
the isochrone is restricted to the area determined by the Fresnel zone, as shown in
Figure 2.4. The nth Fresnel zone for a constant velocity model can be determined by
the condition
|s + r − l| ≤ nλdom2 , n = 1, 2, . . . , (2.19)
where λdom is the dominant wavelength and l = SMR the two-way raypath (Lüth et al.,














Fig. 2.4: Geometric interpretation of the Fresnel volume in a homogeneous. isotropic
medium. After Buske et al. (2009) and Lüth et al. (2005).
shape than in the homogeneous case and a two-point ray tracing algorithm is required
as described for instance by Cervenỳ and Soares (1992). Based on Equation 2.18, the
Fresnel volume migration for an image point M can be written:
M (r) = − 12π
∫ ∫
A
WF (r, r′, tD) W (r, r′) U̇ (r′, tD) dr′ (2.20)
where WF is the additional weighting factor incorporating the Fresnel restriction crite-
ria. Whether using single or multicomponent data, there are different methods to deter-
mine the emergent angle of the arriving wavefield at a receiver. For single-component
datasets, the local slowness field of neighbouring traces can be analysed (Buske et al.,
2009). Whereas for three-component data, polarization analyses of the incoming P-
and SV-waves can be used (Lüth et al., 2005).
In this work, both 3C Kirchhoff depth migration and 3C Fresnel volume migration
are applied to the VSP data (see Section 4.4).
Chapter 3
Data Acquistion
A borehole seismic survey demands careful planing and execution. In Krafla, where
severe surface and well conditions with high temperatures are expected, the data ac-
quisition is challenging, especially for the acquisition system. In this chapter, survey
design, data acquisition, and the acquisition system will be discussed in detail.
The survey was scheduled between May, 26 – June, 13 in 2014. A team of about
18 people participated this field work and involved the following international institu-
tions: Iceland GeoSurvey (́ISOR), Volcanic Basin Petroleum Research (VBPR), and
Helmholtz Centre Potsdam, German Research Centre for Geosciences (GFZ). Access
to the field and wells was authorized and accompanied throughout the survey by
Landsvirkjun, the operator of the geothermal field and local energy supplier.
3.1 Survey Design
In Figure 3.1 an overall view of the survey layout is shown. As can be seen, there are
two wells of interest. One well, named K-18, is located in the Suðurhĺıðar well field
in the east. Another well (K-26) is located in the Leirbotnar well field in the west.
Well K-18 is described in Section 3.1.3. The horizontal distance between the wells is
2080 m. For the multi-offset profiling (MSP), a total number of 12 cased shot holes,
entitled Thor (marked with black circles in Figure 3.1), with a total depth of 9 m were
drilled previous to the survey. They are roughly located in an EW corridor (Thor 4
and Thor 8–12) and a NS corridor (Thor 1–7). Lake Vı́ti, a natural crater lake on
the west flank of Mt. Krafla, is the northernmost shot location and boundary of the
survey. A natural water pit (Thorstein) is located at a horizontal offset of 1903 m
from well K-18 and 1572 m from well K-26. This far-offset location was primarily used
as a check-shot source location for the later rotation procedure (Section 4.2.2). Two
20
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additional, artificial water pits (ponds) are located close to the wells (distance Ingi to
K-18: 29 m, distance Jon to K-26: 35 m) for the zero-offset profiling and are marked
with black rectangles in Figure 3.1. The survey layout was designed together with
the operator who provided the wells, shot holes, and shot locations, according to the
technical requirements. Table 3.1 summarizes the survey geometry including the source
and well locations, and their horizontal offsets, respectively.
Tab. 3.1: Summary of survey geometry. Offsets with respect to well K-18.
Name Function Offset Elevation Easting Northing
(m) (m asl) (m) (m)
K-18 Receiver well — 620 420549.490 7287789.060
Ingi Water pit 28.91 620 420558.431 7287761.556
Thorstein Water pit 1903.24 449 418783.635 7287079.018
Thor 1–12 Shot holes 19.95– 461– 418632.933– 7286249.924–
2054.97 620 420551.240 7289203.979
K-26 Receiver well 2080.21 514 418653.984 7288646.003
Jon Water pit 35.64* 514 418629.898 7288619.733
Vı́ti Source
Experiments 2105.11 594 419408.919 7289558.405
* Offset relates to K-26.
As mentioned earlier, only far- and zero-offset VSP acquired in well K-18 are dis-
cussed in this work. This results from a relatively high S/N of the data, and the good
receiver coverage inside the well. Further experiments are named for the sake of com-
pleteness. A detailed summary of the complete acquisition of the survey (e.g., passive
seismic monitoring, MSP, etc.) can be found in Halldórsdóttir et al. (2015).
3.1.1 Sources
For the zero-offset experiment an air gun source was used for the seismic signal ex-
citation. The source injects a highly compressed air bubble into a surrounding water
volume. The frequency content of the excited source wavelet depends on the applied
pressure, air volume, and water depth. The behaviour of the oscillating bubble period
T can be described by the Rayleigh-Willis relation




where E is the energy and D the depth of the excitation. Equation 3.1 can also be
applied to compare or relate with different energy sources as, for example, shown by
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Fig. 3.1: Map view of the survey for the VSP experiment at the Krafla Geothermal
Field. Underlying map from the National Land Survey of Iceland (NLSI).
Sheriff (2002). The air gun used for this survey was a Bolt pneumatic sound source
(model 1900LL-PGS) with a chamber size of 40 in3 (V ) and a maximum working
pressure of 130 − 140 bar (P). An air compressor, operated by a patrol engine, was
used to fill the air supply. A special water pit was placed circa 30 m away from the K-18
well head (Ingi, see Figure 3.1) and was dug out previous to the survey by the field
operator. The pit was approximately 4 m × 8 m in extent and had a total depth of 3 m.
To prevent later pit destruction and water losses during operation, it was additionally
covered by a plastic tarpaulin. Finally, the air gun was placed in an upright position
into the pit at 1.50 m water depth (D). Following the relation described by Hardage
(2000), the dominant frequency for this particular air gun set up with the chamber






≈ 15 Hz, (3.2)
which is slightly lower than the measured dominant frequency (see Section 4.2). How-
ever, with the Rayleigh-Willies relation, the dominant frequency content can be es-
timated to fdom ≈ 20 Hz (cf. Sheriff, 2002, Figure R-5, p.287), and agrees with the
recorded data.
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For the far-offset shots and other experiments like the MSP, dynamite explosives
were applied. These nitroglycerine based explosive charges were placed as 1 kg portions
into the approximately 3 m deep natural water pit (Thorstein, see Figure 3.1). The
dropped charges were remotely ignited and acted as an impulsive source. Hence, it
produced a sharp minimum phase wavelet for a short duration (Sheriff, 2002).
3.1.2 Receivers
The acquisition system used for this survey was a Sercel geophone chain of type
SlimWave, which is a wireline tool developed for downhole seismic investigations. It
comprises of 17 geophone levels, each equipped with three perpendicular oriented 15 Hz
geophones (type OMNI-2400-15Hz). There is one vertical component (VZ) oriented
along the well path, and two horizontal components (HX, HY) oriented perpendicular
to it. Furthermore, the chain consists of a casing collar locator (CCL) and a natural
gamma ray unit (SGRU) linked with the high-speed telemetry unit (SHTU), which
transfers the data between the tool and the surface recording unit. The distance be-
tween each level (inter-tool spacing) is 10 m (Figure 3.2). At the lower end, three
weight units are mounted to maintain the strain of the chain inside the well. The chain
has a total length of 177 m and a weight of 260 kg. Despite 17 levels being deployed
in the chain, only the 6 lowermost levels were coupled to the borehole wall during the
survey (marked blue in Figure 3.2). This is because only 6 long coupling arms (13 3/8′′)
were available and thus were large enough to fit the well diameter. The tool’s temper-
ature is limited to 150 ◦C. The orientation and the local recording coordinate system
within the chain are shown in Figure 3.3. Table 3.2 and Figure 3.2 summarize the tool
set-up as applied in well K-18. Finally, eight 3C surface geophones were deployed in
line between the source pit Ingi and the well head of well K-18. The spacing between
each of them was set to 3 m.
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Fig. 3.2: Setup of the Sercel geophone chain for the VSP as applied in well K-18
(also cf. with Table 3.2).
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Tab. 3.2: Setup of the geophone chain as applied in well K-18.
Depth (m) Unit Remark
0 SGU, CCL, SHTU 0 m refers to seismic origin of SHTU
10 1st level 3-component geophone, 7′′ arm
20 2nd level 3-component geophone, 7′′ arm
... ... ...
120 12th level 3-component geophone, 13 3/8′′ arm
... ... ...
170 17th level 3-component geophone, 13 3/8′′ arm
170-175 Weight units ca. 50 kg















Y points in the direction 
of the arm opening
Geophones
Fig. 3.3: Detailed view of the orientation of geophones within one geophone level
and the corresponding coordinate system deployed in the chain (cf. Figure 3.2).
3.1.3 Well K-18
The well K-18 (also KJ-18) was drilled in 1981 in the Suðurhliðar well field in the
easternmost part of the Krafla Geothermal Field. It is located at the southern flank
of Mt. Krafla at an elevation of about 620 m asl. Due to relatively low formation
temperatures (T ≤ 150 ◦C) and a transmissivity of Tk ≈ 0.1 Dm, the well was classified
as non-productive and was henceforth used for monitoring and observation purposes
(Mortensen et al., 2009). It is a non-deviated well with a total vertical depth (TVD) of
2215 m. The well is cased with a 13 3/8′′ anchor casing down to 227 m, and a 9 5/8′′
production casing down to 663 m. Below, the well is an open hole, drilled with a 8 1/2′′
drill bit down to 2215 m. During the survey, the water level within the well was de-
noted at about 330 m. In the lowermost 15 m, the well is not fully accessible because of
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the borehole sump. The composite log shown in Figure 3.5 summarizes different geo-
physical logs previously obtained from well K-18 together with a simplified lithological
profile and zones of hydrothermal alteration derived from well cutting analyses. Major
inflow zones indicate aquifers or zones of higher permeability indicated by temperature
anomalies. These might be of special interest especially for a joint interpretation of the
reflection series deduced from the zero-offset VSP, and which is described in Chapter 4.
3.2 Realization
As mentioned in the sections before, high pressure (p) and temperature (T) conditions
within the well were challenging for the acquisition system and required a careful real-
ization of the survey. One of the major problems was to keep the borehole temperature
within the range the tool was designed for. As a result, the well was both cooled sev-
eral weeks previous to the survey and during the survey at night. Therefore, water
was regulary injected into the well with an injection rate of 3–4 L/s. The temperature
behaviour within the well is shown in the composite log in Figure 3.5. Here, three
different temperature profiles (T1, T2, T2) are displayed at different injection stages. T1
shows the temperature profile after a long-term injection, 20 minutes after the shut-off.
About 30 hours after the injection shut-off, the temperature already exceeds 100 ◦C
(T2). This is the temperature condition as expected during the acquisition. Tempera-
ture profile T3 describes the temperature in the well close to the formation temperature
as it will adjust, if no injection takes place over a longer period of time.
After installation of the geophone chain by the operational support group (OSG)
of the International Continental Drilling Program (ICDP), the actual measurements
could be carried out. The chain was sequentially moved down the well, as shown in
Figure 3.4. At each station, the 6 lowermost levels of the chain were coupled to the
borehole wall and on standby for recording. The air gun source was triggered and the
excited wavefield was recorded by the receivers in the well and on the surface. The
recorded data was digitized and sent to the surface acquisition unit for data storage and
in situ quality control (QC). The most important recording parameters are summarized
in Table 3.3. The process was repeated 10 times (except for: 15 times from 2080 m
to 2180 m and 5 times from 10 m to 175 m) for later vertical stacking at constant
recording depth to improve the S/N (see Section 4.1). The receiver station interval
for the ZOVSP was chosen to be 2.5 m starting from 0 m measured depth (surface)
to 2000 m (deepest station). The uppermost 120 m were deployed afterwards, with
only 6 levels due to the limited crane height. All together, 153 stations were applied
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Tab. 3.3: Recording parameters used for VSP in well K-18.
Sampling rate Recording time Channels per record Data/File format
(downhole/surface)
0.0005 s (1/2 ms) 10 s 75 (51/24) SEG-Y
encompassing 869 geophone positions (10–2180 m) for the ZOVSP. Because of the chain
geometry with 10 m between each geophone level, the chain was repetitively moved four
times with a 2.5 m interval before a larger movement of 50 m was required. Each large
movement was followed by a far-offset shot with dynamite explosives, resulting in a
7.5 to 10 m irregular receiver spacing for the FOVSP. Figure 3.4 shows the receiver






























    downhole
Fig. 3.4: Illustration of the chain movements during the VSP in well K-18. Only the
last six levels are displayed (not to scale). Each station number represents one postion
of the chain within the well. The black arrows mark the position of corresponding
far-offset shots (bold station number). Overlapped positions of geophone levels are
represented in blue.
Major problems were encountered during the field work like very high temperatures
as well as hostile fluids or steam inside the well having a severe impact on the acquisition
system. For example, two geophone levels needed to be exchanged due to failure.
Furthermore, the telemetry could be disturbed by too high inner tool temperatures
requiring the pulling up of the chain into areas of lower temperatures and to prevent
data loss. As it later transpired, level 13 (the 2nd coupled level) had a defective digitizing
unit of the horizontal geophone component (HY) resulting in noisy traces with no signal
for all positions below 712.5 m and above 170 m (also refer Chapter 4).
Despite of several difficulties during data acquisition like described above, the VSP














































































































































Fig. 3.5: Composite log of well K-18 showing different geophysical logs as well as
a condensed lithological profile and alteration zones derived from cutting analysis.
T1−3 are temperature logs made previously, after different stages of water injection
into the well (see Section 3.1.3). Data courtesy of ’ISOR Iceland GeoSurvey.
Chapter 4
Data Processing & Interpretation
This chapter deals with the processing of the zero- and far-offset VSP data recorded in
well K-18. The main processing is separated into two branches: (1) A single component
processing flow of only the zero-offset data, and (2) a three-component processing part
of both the zero- and far-offset data. As a result of the single component processing,
a corridor stack is created to study reflections along and below the well path. The
3C processing is used to study the complete wavefield and serves for seismic migra-
tion. All steps and subsequent processes leading to these interpretation tools will be
discussed. Figure 4.1 gives an overview of the input data, the single processing steps,
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The first processing step is the stacking at constant recording depth or the vertical
stacking of the raw zero-offset recorded data. This is a common procedure applied for
sources with a stable repeatability like vibrators, weight drops, or air guns as used for
this survey. Under the assumption of the same character of the excited source wavelet




N · (S/N)trace . (4.1)
In Equation 4.1, (S/N)trace describes the S/N of the unstacked trace and N the num-
ber of the repeated source excitations and the number of stacked traces, respectively
(Hardage, 2000). It is advantageous to edit the traces previously and omit bad traces,
as such with eminently low S/N due to bad coupling, or natural events causing a dis-
torted signal. The rejected traces can be partially or completely muted. Afterwards,
the traces are sorted to common receiver gathers (CRG, i.e., different shots at the
same receiver location) and finally stacked. Figure 4.2 shows the principle of the verti-
cal stacking as part of the pre-processing. By the stacking of N = 10 traces, as applied
for this dataset, an increase of the S/N by a factor of
√
10 ≈ 3 can be expected (except,
where N = 5 for the uppermost 165 m, N = 15 for the lowermost 100 m). There is








at same depth Edited traces
Stacked
trace
Fig. 4.2: Pre-processing example of traces recorded at the same receiver depth,
including trace editing and vertical trace stacking.
The traces for one shot are sorted by the logged depth, i.e. the position of the levels
at depths, to create a common shot gather (CSG). The raw CSG for both zero- and
far-offset are shown in Figure 4.3 and 4.4, respectively, and serve as a basis for all
further processing steps. There are three CSG, shown for each geophone component
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separately, which is a common procedure to display 3C seismic data of a single shot
point.
Depth (m)
































K-18: Zero-Offset Raw 3C CSG
P
S S
Fig. 4.3: Raw zero-offset 3C common shot gather after vertical stacking and trace
normalization recorded in well K-18. VZ - vertical component, HX, HY - horizontal
components. First arriving P- and S-waves are marked by arrows.
The first-breaks (the direct P-wave arrivals) can be identified on the VZ component
of the zero-offset shot in Figure 4.3. The S/N slightly decreases with depth. At about
1700 m and below 2000 m a strong drop in the S/N can be observed. Reflected wave
modes appear weak because of the strong and dominant downgoing energy. There is
also a strong decrease of the signal amplitudes with time. The horizontal components
show little consistency. This can be explained by the fast rotation of the geophone
levels inside the well, resulting in changing phases throughout the traces with depth.
Nevertheless, the first arrivals of the S-wave can be identified, too, as shown in Fig-
ure 4.3.
For the far-offset shot the wave paths are more complex (Figure 4.4). The energy of
the first P-wave arrivals is now distributed on all three components. No vertical stacking
was applied, the S/N, however, is adequate. The phases of the first-arrivals appear
disturbed because of the chain rotation and can be seen especially on the horizontal
components. A change in the frequency content after 1800 ms can also be seen on
the VZ component. The noisy and equally spaced traces on the HY component in
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K-18: Far-Offset Raw 3C CSG
Fig. 4.4: Raw far-offset 3C common shot gather recorded in well K-18. No trace
normalization has been applied. VZ - vertical component and HX, HY - horizontal
components.
Figure 4.4 originate from the faulty digitizing unit of level 13. Moreover, some bad
traces can be encountered on all three components, which may originate from beats
on the levels or the chain. The amplitudes of the far-offset shot, however, are well
preserved in time compared to those of the zero-offset shot because of the different
shot geometry and the larger source offset. In other words, the distances between
source and receivers vary only little at depths, hence the amplitudes are more evenly
distributed.
4.2 Zero-Offset Processing
The zero-offset processing, as shown in Figure 4.1, is divided into a single-component
part including only the recorded vertical component (VZ), and a three-component part
incorporating both the recorded vertical and the horizontal components (VZ, HX, HY).
Firstly, frequency analyses were realised for both raw shot gathers, to study the
frequency content of the recorded data. Based on the one-dimensional (1D) Fourier
transform, the input time series (e.g., a single seismic trace) is decomposed into a
series of sinusoids (Fourier analysis) providing the amplitude spectrum of the input
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data (Appendix A.2). The results are displayed for each input trace (see Figure 4.5)
and as the superposition of all traces, thus, the average spectrum (Appendix A.1).
The strongest frequencies can be observed at circa 16 to 20 Hz and remain relatively
constant down to 1600 m, thus, agree with the dominant frequency characteristics of
the applied air gun source as determined in Chapter 3.1.1. Signal amplitudes can be
observed up to 40 Hz. Drops of higher frequency components may be due to the poor
receiver coupling (outside the casing) because of borehole breakouts which also coincide
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Fig. 4.5: K-18 zero-offset VSP single trace amplitude spectrum. Input traces are
normalized.
4.2.1 1C Processing
All geophones are assumed to be vertically positioned and coupled inside the borehole
for the 1C processing. The applied processing steps mainly follow the processing flows
by Hinds et al. (1996) and the ProMAXTM VSP Training Manual (Landmark, 1999),
and require the correct implementation of the geometry within the ProMAX software
suite.
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First-Break Picking
One major advantage of the zero-offset VSP is the known first arrival time at each
associated receiver depth. The picking of those first-breaks has been done in several
stages: Firstly, automatic picking of the band-pass filtered data and secondly, the
manual and visual adjustment of the picks of both the raw and band-pass filtered
input data. The former utilizes a stabilizing power ratio picking method with a first-
break energy envelope width of 120 ms and a power ratio stabilization of 20% within a
previously, hand-picked search gate window (in ProMAX: First Break Picking). This
method is relatively fast and effective for impulsive sources but may result in wrong
pick times by noise, and thus, a second evaluation and edit of the picks is applied
manually. Figure 4.6 shows the time-depth curve picked from the first breaks. With
the pick times the interval velocities can be calculated and thus a 1D velocity profile
can be determined in the vicinity of the well (see Section 4.2.1).














K18: Zero-Offset first-break P-wave picks
Fig. 4.6: Zero-offset first-break pick times for all 869 receiver positions.
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Amplitude Recovery
The amplitudes of the raw data diminish with time and increasing distance away from
the source. This decay in amplitudes is created by mechanisms like spherical diver-
gence, intrinsic attenuation or scattering (apparent attenuation). Of these, the spheri-
cal divergence has the strongest effects for proximal distances from the source. It is a
geometrical spreading effect that causes an amplitude decay of the seismic wavefront
due to the distribution of seismic energy on the wavefront surfaces. For a homogeneous






where A is the amplitude of the waveform after propagating the distance R and having
the initial amplitude A0 (Hardage, 2000). Regarding a layered medium, R is propor-
tional to (v2RMS/v0) t. There, vRMS is the root-mean-square (RMS) velocity of a wave
traversing the nth layer after the time t, with v0 as the velocity of the first layer (Mar-
grave, 2005). Because of the different wave velocities the spherical spreading effect
for shallow unconsolidated rocks (e.g., volcanic breccias) or sediments can be much
stronger for compressional waves than for shear waves (Hardage, 2000).
The intrinsic attenuation or absorption is caused when a seismic wave induces in-
elastic deformation by which elastic energy is converted to heat. The process is mainly





describing the amplitude decay of a plane wave travelling a distance x = v · t. The
factor α is the attenuation factor. Based on the constant Q theory (Kjartansson, 1979),




which, in general, describes the fraction of energy loss per frequency cycle (Sheriff and
Geldart, 1995). For the upper crust (≤ 4 km) in Iceland, Q values were determined by
Menke et al. (1995) from passive seismic recordings, with QP = 60 for compressional
waves and QS = 100 for shear waves. The main goal of the amplitude recovery is to
correct these effects of energy loss, to obtain the amplitudes as they occur at a certain
reflector, i.e. the reflection coefficients at layer boundaries.
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A true amplitude recovery for the zero-offset shot has been tested by applying spher-
ical divergence correction combined with a time to power correction. Nonetheless, it
transpired, that the resultant amplitudes were not sufficiently equalized and eventually
the best amplitude recovery could be achieved by applying a trace-equalization and
time-variant scaling. This is a non-physical solution of the amplitude equalization,
hence, the resulting amplitudes are not a direct measure of the reflection coefficients.
Velocity Analysis
For a zero-offset VSP, where the distance between the source and well is minimal, a 1D
velocity profile can be determined with knowledge of the first break traveltimes and
the depth of the respective downhole receivers. The interval velocity for the range of
receivers placed inside the well, is the averaged velocity of a wave passing consecutive
receivers in a time t.
The interval velocities for the 2.5 m receiver spacing were determined for the zero-
offset shot at well K-18. The velocity profile needed to be smoothed because of the
relatively high spatial sampling rate and some pick-inaccuracies due to noise. Figure 4.7
shows the velocity profiles for P- and S-wave first arrivals as well as the calculated
Poisson ratios ν = vS/vP . Two smoothing operators were applied, having a length of
30 m and 100 m, respectively. Afterwards, the velocity profiles were resampled to the
initial sampling interval (2.5 m). The mean velocities were determined for the P-wave
to 4626 m/s (vP,mean) and for the S-wave to 2708 m/s (vS,mean). The processing of the
S-wave velocity is described in Section 4.2.2. Both velocity profiles show large-scale
velocity variations starting at about 700 m. The strongest velocity gradient for the
P-waves can be encountered in the upper 300 to 400 meters. The Poisson ratio ν
(Figure 4.7, b) fluctuates around a mean value of νmean = 0.588 with a minimum value
of 0.4 at 770 m depth and a maximum value of 0.77 at 1790 m depth.
Wavefield Separation
The main difference of a VSP survey to a surface seismic survey is that the receivers
or geophones are placed directly into the subsurface. Hence, the downgoing wavefield
(direct waves) and the upgoing wavefield (reflected waves) are recorded. A major goal
in the processing of VSP data (esp. zero-offset VSP) is to separate both wavefields and
interpret them separately. Each serves as a vital basis for further processing steps like
determining reflection series or designing deconvolution filters.

























































vP,mean ≈ 4600 m/s  




































K18: Zero-Offset velocities and Poisson ratios
Fig. 4.7: Results of the zero-offset velocity processing. a) P- and S-wave interval
velocities determined from first breaks. b) Poisson ratio from interval velocities
(smoothed 30).
The most common methods for wavefield separation are the median filter and f-
k filter, which have been tested here. Other well known methods are based on the
filtering in the τ -p (τ : intercept time; p: slowness) domain or the Karhunen-Loeve
(K-L) transform (e.g., Hinds et al., 1996, Hardage, 2000).
The median filter method applies a median filtering of the recorded data in the
time-depth domain to isolate the upgoing or downgoing wavefield. Thereby, the data
is initially shifted from the raw field-record time (FRT) to its first-break times (-TT
time), and hence, the direct first arrivals are aligned horizontally as shown in Figure 4.8.
Afterwards, a two-dimensional filter operator is applied by moving it horizontally over
the data and replacing the central value by the median value. As a result, the filtered
seismogram only contains the aligned downgoing events. Finally, after subtracting it
from the input seismogram, only the upgoing events, which were not aligned, remain.
One advantage of this method is that it performs in the time-depth domain hence, no
further transformation is applied and the original signal form maintains. Nevertheless,
the method requires that amplitudes are balanced and the events are accurately aligned.
Furthermore, only events with the similar slope like the first breaks (the direct P-wave
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arrivals) will be removed and other downgoing events like S-waves may still remain.






































Fig. 4.8: Conceptual procedure of wavefield separation using median filtering in
the x-t domain. I) Input seismogram at field-record time (FRT), II) Negative time
shift applied to all traces by using the first-break traveltimes, III) Median filtered
seismogram aligned at first-break traveltimes (-TT), IV) Upgoing wavefield back-
shifted in time to initial FRT.
The f-k method applies a 2D spectral filtering in the f-k domain of the input seis-
mogram. The input data is transformed from the x-t domain to the f-k domain by
applying a 2D Fourier transform (see Appendix A.1). The upgoing wavefield maps on
negative wavenumbers and the donwgoing wavefield maps on positive wavenumbers in
the f-k domain (Figure 4.9). Different velocities in the t-x domain appear at different
slopes in the f-k domain. Various filters can be constructed to suppress certain areas in
the f-k domain: A fan filter suppresses only a certain velocity range; a quadrant atten-
uation suppresses the complete quadrant of either positve or negative wavenumbers;
every arbitrary polygon suppresses certain wave modes. In VSP, these methods are
often used to attenuate tube waves from the data. After applying the filter the data is
transformed back to the x-t domain by a 2D inverse Fourier transform. The method is
useful to isolate only the downgoing wavefield or the upgoing wavefield. Thereby, the
traces of the input data should be equidistant and be available at a sufficient spatial
and temporal sampling rate to avoid digital aliasing. The sampling rates should be at
least twice the smallest wavelength and twice the highest frequency to be expected in
the seismogram and therefore satisfy the Nyquist theorem. For the zero-offset data, the
Nyquist wavenumber is kN = 0.2 m and the Nyquist frequency is fN = 1000 Hz, which
is sufficient for a minimum velocity of 1200 m/s at a maximum frequency of 40 Hz.
As shown above, this agrees with the velocity (Figure 4.7) and frequency assumptions
(Figure 4.5) made for the present dataset.
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Both, median and f-k filters are applied for the VZ component of the zero-offset shot.
Best results are achieved with the f-k filter by applying a quadrant attenuation in the
f-k domain of the complete positive wavenumber half-space. The median filter is tested
with different window lengths, but the results were not acceptable because downgoing
events were still visible in the separated seismograms. The resulting seismograms after
separation with the f-k filter are shown in Figure 4.10.
For the further processing steps, the downgoing wavefield is shifted towards the
first-break pick times (-TT). The upgoing wavefield is shifted towards the doubled first-
break times (+TT). In other words, a linear time operator shifts each trace sample-wise
twice of the first-break time. The process of shifting traces in time is also called header
statics. For a more accurate horizontal alignment of the downgoing events the shifting
were improved by iteratively adjusting events in a pre-defined window (in ProMAX:
Event Alignment in Window). The process corrects for inaccurate first-break picks and






















































Fig. 4.9: Conceptual procedure using an f-k filter for wavefield separation. I) Input
seismogram at FRT, II) f-k domain of input seismogram and filter polygon (grey), kN
is the Nyquist wavenumber, III) Attenuated f-k domain, IV) f-k filtered seismogram
with only the upgoing wavefield.
Deconvolution
The deconvolution is an inverse filter process, mainly used to increase the temporal
resolution of a seismogram by extending the frequency band or to suppress multiples in
the recorded data. Deconvolution is also applied in surface seismics, known as predictive
or spiking deconvolution, based on Wiener filtering (Yilmaz, 1990). An alternative
approach is the Gabor deconvolution (Margrave and Lamoureux, 2001), which is quite
promising for zero-offset VSP, because it applies to in-stationary wavelets (Ahadi and
Riahi, 2013). More common for VSP data is the wavelet deconvolution, which is applied
by creating an inverse filter with help of the aligned downgoing wavefield (-TT). This
assumes, that the first arrivals resemble the source wavelet, and thus they are not
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K-18: Zero-Offset 1C CSG, wavefield separated 
Fig. 4.10: Result of the wavefield separation with f -k quadrant attenuation for the
VZ component of the zero-offset shot. Seismograms are trace normalized.
influenced by strong changes of the excited wavelet shape. In surface seismics this is
mostly avoided, and other methods are applied. The VSP deconvolution operator can
be determined as the superposition of all traces or for every single trace itself. The
determined inverse filter operator is applied to the upgoing wavefield.
For this dataset, the deconvolution of the upgoing wavefield is constructed by gen-
erating the inverse filter of each trace in the time domain of the aligned downgoing
wavefield. The output filter length is 1000 ms and is tapered with a 80% flat Hanning
wavelet taper. The filter traces are applied to all traces of the upgoing wavefield with
a 5 traces mixing bin radius and 10 excluded edge filters (in ProMAX: VSP deconvo-
lution).
Corridor Stack
The final result of the zero-offset VSP processing flow is the corridor stack. It is
a tool, which ties downhole measurements (e.g., acoustic logs) with surface seismic
investigations. It further, enables a fast interpretation of near well reflectors without
extensive processing efforts. A corridor stack can be distinguished in an outer corridor
containing only the primary reflections, and an inner corridor stack which can also
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contain multiple reflections (Hinds et al., 1996). For the outer corridor stack, the
processed downgoing wavefield is aligned to +TT time and is then muted outside a
pre-defined time window around the downgoing first-breaks. At the lowermost receiver
stations the time window is often continued to a longer time window, incorporating
reflections below the well. Eventually, the stack is applied by the summation of all
traces. The resultant single trace represents the corridor stack and is displayed several
times (trace copy) for better visual interpretations. In theory, the width of the corridor,
that is, the window width δt (see Figure 4.11), can be chosen in a way that only the
reflected P-wave energy will contribute to the corridor stack. Hence, multiple reflections
are excluded, because they occur at later times and do not intersect with the downgoing
first arrivals (Hinds et al., 1996). In Figure 4.11 the main concept of the corridor stack
procedure is described. Within the 1C processing of the ZOVSP a corridor width δt of
100 ms is chosen. The corridor is extended to the whole recording time starting from
2112.5 m to map events resulting from reflections below the last receiver position, i.e.




























































Fig. 4.11: Conceptual processing flow to create an outer corridor stack. I) The
separated upgoing wavefield is shifted towards double first-break times (+TT). II) A
time window or corridor width δt is selected (grey shaded area). III) Traces outside
the time window are muted. IV) The traces are stacked and the corresponding
stack is displayed repetitively (here, 3 times). The depths z1 and z2 mark reflections
throughout the process.
Finally, the seismogram of the corrected, separated, and deconvolved wavefield is
shown together with the associated corridor stack (Figure 4.12). Strong reflections can
be encountered in the upper 1500 m. Below and at early arrival times, the S/N is
relatively low and reflections can hardly be determine. On closer examination, P-to-
S (PS) converted wave modes can be observed, especially in the upper 700 m those
appear relatively strong, which may result from the well casing down to 669 m depth
(see Figure 4.12, b).
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Fig. 4.12: Results of the 1C ZOVSP processing. Processed seismograms are shifted
to +TT time, containig only the upgoing wavefield. a) Aligned upgoing wavefield and
corridor stack indicating major reflections. b) Zoomed seismogram with lithology,
alteration zones and corridor stack. Arrows indicating major reflections and locations
of converted wave modes.
4.2.2 3C Processing
The 3C processing of the zero-offset shot incorporates the re-orientation of the horizon-
tal components (HX, HY) of the raw CSG. Therefore, the azimuth angles calculated
from the far-offset shot (Section 4.3 and Appendix A.3) are used for the rotation of
the components towards the ZO source location (Ingi). After rotation, HX lies in the
plane spanned radially between the source and the well (referring to HR), and HY lies
perpendicular to it (referring to ST). The vertical component (VZ) does not need to
be rotated because of the vertical well trajectory. Due to a smaller receiver spacing
of the ZOVSP, the rotation angles are only available where corresponding far-offset
shots were carried out (also compare with Figure 3.4). Hence, there is no rotation
information for stations after each small movement of the chain. The rotation for these
relatively short movements is assumed to be negligible and the angles determined from
every first station (from the far-offset shot) can be substituted. Nevertheless, it has
turned out, that this assumption is not confirmed by the data. The observed, quick
rotations of the receiver levels may be caused by extreme temperature conditions, fluid
movements inside the well, or the uppermost 11 levels, which were not clamped during
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the acquisition. Furthermore, a new wire line cable was used and thus cable seasoning
had a dominant impact on the rotation of the chain. Consequently, the rotation an-
gles are calculated from the ZOVSP for those levels with no corresponding far-offset
shot. For the calculation a 30 ms time window is applied. The rotated CSG is shown
in Figure 4.13. On both horizontal components, the downgoing S-wave first arrivals
are shown, which can also be used to determine S-wave interval velocities. The inter-
val velocities of the direct S-wave are calculated and shown in Figure 4.7. Despite of
slightly larger picking inaccuracies than for the P-wave first arrivals, the velocities show
reasonable results compared with those reported in the literature (e.g., Brandsdóttir
et al., 1997, Mortensen et al., 2009).
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K-18: Zero-Offset 3C CSG, horizontally rotated
S S
P
Fig. 4.13: Zero-offset CSG after rotation of the horizontal components. HR is
oriented towards the plane spanned by the source (Ingi) and the well. ST lies per-
pendicular to that plane. Letters P and S indicate the downgoing P- and S-wave first
arrivals. Arrows mark strong reflection events. Seismograms are trace normalized.
For the seismic migration (see Section 4.4) the horizontally rotated, downgoing wave-
field is used. The wavefield separation is executed by applying an f-k filter, as described
in Section 4.2.1. In contrast to the 1C wave separation, no amplitude recovery is per-
formed because the amplitude scaling is already integrated in the migration procedure
itself (Section 2.3). Nevertheless, the f-k filtering requires balanced amplitudes to work
properly. Hence, an automatic gain control (AGC) with a 500 ms operator length is
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applied to the data before the f-k filter is applied. Afterwards, the AGC is removed
again to maintain amplitudes in their initial form.
The final CSG, as it will also used in the later migration procedure, is displayed
in Figure 4.14. The data is top muted to suppress noise before the first breaks, and
the traces of the broken level 13 are muted, too. At a closer sight, there are still some
downgoing phases (especially seen on the HT component and marked by arrows in
Figure 4.14) suggesting that the applied f-k filter is still not sufficient. Most of the
downgoing events, however, are suppressed and upgoing reflections can be detected on
all three components.
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K-18: Zero-Offset 3C CSG, upgoing wavefield, horizontally rotated
HR
Fig. 4.14: Final processed 3C CSG of only the upgoing wavefield. Residual S-wave
components are marked by arrows. Traces are normalized and top muted.
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4.3 Far-Offset Processing
The frequency content of the single traces of the FOVSP is shown in Figure 4.15 and
the corresponding averaged frequencies can be found in Appendix A.2 and Figure A.2.
A wider bandwidth of the dominant signals can be observed, compared to these of the
ZOVSP (Figure 4.5). Especially in terms of absolute source to receiver offsets, signals
with frequencies of up to 100 Hz can be observed. On the one hand, the dynamite has a
sharper impulse of the excited wavelet than the air gun. On the other hand, the charges
were placed directly on the ground of the water pit and thus ensured a better ground
coupling of the source. Furthermore, an increasing bandwidth with increasing source-
receiver offsets can be observed. This is because the shot position is located about 170 m
below the ZO source point and hence, travel paths at smaller offsets lie within near-
surface high-attenuating rock layers. As already seen from the raw 3C data (Figure 4.4),
the recorded wavefield is more complex due to the larger source offset resulting in curved
travel paths of the propagating waves. Assumptions that were made for the zero-offset
VSP, like determing interval velocities from first breaks or the horizontal alignment of
reflections by statics, do generally not apply. The apex, indicated by the first breaks at
about 1275 m depth, marks the shortest traveltime (Figure 4.4). Here, the horizontally
arriving P-wave energy is distributed on the horizontal components and less strong on
the vertical component. With respect to depth of the first arrivals, P-waves on the
VZ component emerge with a positive polarization for upgoing waves and a negative
polarization for downgoing waves, respectively.
In order to get a more consistent display of the arriving wavefield the re-orientation of
the recorded components is a necessary and essential part of 3C FOVSP processing. A
common rotation procedure is based on polarization analysis which can be represented
by particle motion hodograms (e.g., DiSiena et al., 1984, Hendrick and Hearn, 1999).
Thereby, the particle motion of the vector seismic wavefield is displayed sample-wise
for a certain time window. The type and intensity of polarization can be described by
the linearity. The orientation of the three components can be expressed by two angles:
first, the azimuth θ describes the principal axis of the horizontal components (HX,
HY) to a reference direction (e.g., the geographic North) and second, the inclination
φ describes the deviation of the VZ component from the vertical. Both angles can
be determined by solving a least-square fitting problem of the mapped samples in the
2D coordinate system spanned by the corresponding components. Afterwards, each
component is rotated by a matrix rotation of the input data. As a result, the raw
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Fig. 4.15: K-18 far-offset VSP single trace amplitude spectrum. Input traces are
normalized.
3C seismograms are transformed from their local VZ, HX, HY coordinates to the ray-
oriented R, SR, ST coordinate system. There, R points towards the source location, SR
is perpendicular to P and lies within the plane spanned by the well and the source and
ST is perpendicular to this plane. In Appendix A.3 the rotation process is described
in detail.
A crucial factor of the rotation process is the length of the time window for which
the polarization attributes are calculated. A too large window can result in wrong
angle estimations because not only first-break P-wave phases are included, but also
phases which are reflected or refracted from adjacent boundaries, and thus accompany
mode conversions. Whereas too small windows, can result in an unstable solution of
the procedure. As a consequence, the window width should approximately match the
period of the first-arrival wavelet (Hendrick and Hearn, 1999).
The re-orientation of the 3C far-offset shot gather is performed by using a 60 ms
time window for the first horizontal rotation (R1) and a 40 ms time window for the
second, vertical rotation (R2). The resultant seismograms are shown in Figure 4.16.
A band-pass filter, automatic gain control (500 ms) and median filter are applied for
display purposes. Compared with the unrotated, raw CSG (Figure 4.4) the first-break
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P-wave energy concentrates on the R component and the seismograms show a much
better phase consistency. However, at deeper receiver depths the P-wave energy on the
SR, and ST component indicate a less effective rotation in this area. This also implies
that the first arrivals are less linear polarized at depth.
The further processing steps are the same as applied for the 3C ZOVSP (see Sec-
tion 4.2.2). For the migration process only the horizontal components are rotated.
The VZ component remains in the initial form because the orientation can be taken as
true, since the well is vertical and therefore no further inaccuracies due to the rotation
procedure is added to the data. Furthermore, the migration is tested with and without
f-k filter, which are applied to the data. The two processed far-offset shot gathers are
shown in Figure A.4.
Depth (m)
































K-18: Far-Offset 3C CSG, processed
Fig. 4.16: Processed far-offset 3C VSP after re-orientation of the three components.
AGC, median filter, top mute, and band-pass filter are applied to the display. R
points towards the source, SR lies perpendicular to R within the source-receiver
plane and ST perpendicular to that plane.
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4.4 Migration
Seismic migration is used to map reflections to their true subsurface locations. It helps
to interpret geological structures that are distorted in the seismic record. Both, 3C
Kirchhoff depth migration (KDM) and Fresnel volume migration (FVM) are applied
for the zero- and far-offset shot of the processed data described in the sections before.
The migration is performed with help of the software ISIS - Integrated Seismic Imaging
System (Borm et al., 2003, Lüth et al., 2005). Therefore, it is necessary to provide a
3D geometry comprising a velocity grid and an image grid where the actual mapping
takes place. Geometry and grid parameters are shown in Figure 4.17 and Table 4.1.






















































Fig. 4.17: Image geometry for seismic migration. a) 3D geometry of the image grid.
Grey vertical plane indicates a single slice used for 2D displays. b) Location of the
image grid shown on the topographic map of Krafla with 50 m contour lines. Data
courtesy of ÍSOR Iceland GeoSurvey.
The image grid consists of a total number of 6 million equidistant cells. In x- and
z-direction the grid has a resolution of 4 m. Due to computational costs the resolution
in the y-direction is restricted to 50 m. Hence, the image area is sliced into 20 x-z
planes of higher resolution. There are 10 x-z planes on either side from y = 0 m. The
migration results are displayed in the 2D plane spanned by the well and the far-offset
shot location (see Figure 4.17, a). Final results are shown for the complete image area.
The dominant frequency which is necessary for the Fresnel volume migration in order
to calculate the additional weighting factor incorporating the Fresnel criteria is set to
100 Hz. Assuming a larger dominant frequency than actually observed in the data
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Tab. 4.1: Migration paramters for KDM and FVM with constant velocity model.
NX, NY, NZ: number of cells in x-, y-, z-direction; DX, DY, DZ: cell size in x-, y-,
z-direction; vP , vS : P- and S-wave velocity from interval velocities (cf. Figure 4.7).
Grid geometry Image grid Velocity grid
NX × DX 300 × 10 m 1000 × 4 m
NY × DY 20 × 50 m 50 × 25 m
NZ × DZ 400 × 10 m 1200 × 4 m
Models vP vS fdom
Kirchhoff (KM1) 4600 m/s 2700 m/s –
Fresnel (FM1) 4600 m/s 2700 m/s 100 Hz
essentially reduces the computational time of the migration process and artificially
increases the visual resolution of the resulting image.
As described in Chapter 2.3, the applied Fresnel volume migration is a modified
Kirchhoff depth migration, limiting the migration operator to its physically defined
Fresnel zones. The usage of 3C recorded seismic data ensures a more focused image
and helps to increase the spatial resolution of a subsurface reflector. The main difference
between both migration techniques is shown in Figure 4.18. There, the 2D migrated
sections of a single seismic event is represented for one shot-receiver combination using
the same image geometry as described in Table 4.1.
Since seismic migration is capable of mapping subsurface structures like faults or
interfaces between changing rock layers, it is necessary to examine the resolution to be
expected from this method for a certain survey layout. This is mainly expressed by
the vertical and horizontal resolution and, thus, is a measure of how close can be two
different objects in the subsurface while still being distinguishable.
The vertical resolution depends on the wavelength of a signal and, in practical use,
can be assumed by the half of the measured dominant wavelength. For this survey the







2 · 20 Hz = 115 m (4.5)
In contrast, the horizontal or lateral resolution dF can be expressed as twice the first
1Compare Sagrada Famı́lia in Barcelona: 115 m (Oct 2015).
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Fresnel zone rF (half-wavelength Fresnel zone for a zero-offset source-receiver combi-
nation over an horizontal reflector and a constant velocity, Sheriff (1980)):











Thus, the horizontal resolution depends on the dominant wavelength λ as well as the
depth z. For the P-wave velocity vP = 4600 m/s and the dominant frequency of 20 Hz
the horizontal resolution for a reflector located for example directly below the well
(z = 2215 m) is approximately 1000 m. For the S-waves, a vertical resolution of
zres, S ≈ 96 m can be assumed. Therefore, a dominant frequency of 14 Hz (determined
from direct S-wave arrivals of the ZOVSP) and the mean velocity vS = 2700 m/s are
used. The resultant horizontal resolution is then 925 m (again, for a reflector located
below the well at z = 2215 m) providing a slightly higher resolution for the S-waves





















































Fig. 4.18: 2D migration example with Kirchhoff depth migration and Fresnel volume
migration of a synthetic P-wave reflection. a) Synthetic 3C seismic wavelet (Signal
properties: Gabor wavelet with fdom = 20 Hz, γ = 1.5, no amplitude on the HY
component). b) Image geometry as introduced in Fig. 4.17 for one single source-
receiver combination. Receiver is located at z = 100 m in the borehole. Source
location is at the surface close to the well. c) 2D image with KDM, amplitudes
are smeared along isochrone. d) Fresnel volume migration (fmig = 100 Hz) restricts
image to the vicinity of the actual reflection point. Idea from Lüth et al. (2005).
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Zero-Offset Migration
The Kirchhoff depth migration with a constant velocity model (KM1, see Table 4.1)
is applied to the processed 3C zero-offset shot gather containing only the upgoing
wavefield (see Figures 4.14). Firstly, each mode: PP (the reflected P-waves), SS (the
reflected S-waves), SP (S- to P-converted waves) and PS (P- to S-converted waves)
can be migrated separately. The migrated sections are normalized with the maximum
PP reflection amplitude and are shown in Figure 4.19. Additionally, the FVM with
the same constant velocity model and the dominant frequency fdom = 100 Hz (FM1) is
applied. The results with normalized amplitudes are shown in Figure 4.20.
Fig. 4.19: Kirchhoff depth migration (KDM) of raw zero-offset shot using constant
velocity model (KM1). PP, SS, PS, and PS are migrated separately.
Fig. 4.20: Fresnel volume migration (FVM) of raw zero-offset shot using constant
velocity model (FM1). PP, SS, PS, and PS are migrated separately.
In both Figures 4.19 and 4.20 a recognizable similarity between PP, SP and SS, PS
modes can be observed. Furthermore, the reflected S-wave modes (SS or PS) can be
better identified at greater depths and show slightly higher spatial frequencies than the
4.4 Migration 51
reflected P-wave modes as presumed from the vertical and horizontal resolutions in the
section above. These results imply a first impression of the importance of the S-waves
not only in terms of resolution, but also with respect to an enhanced migration result
at greater depths.
In the migrated sections artefacts can be encountered especially on the PP and SP
modes of the FVM and are represented by strong reflections along the surface. This is
because the input wavefield still contains both P- and S-waves and thus leads to falsely
imaged reflections. This effect is also named crosstalks occurring if for example an SS
reflection is treated as a PP reflection and due to its different polarization it is displaced
by an angle of 90◦. One approach of suppressing the crosstalks is by brute stacking the
individual migration results, i.e. summing or subtracting of all four modes (Beilecke
et al., 2004). The mode-stack, therefore enhances structures which are present in all
four modes. However, structures can also be suppressed if the vP /vS velocity ratio for
the migration is not correct. The mode-stack of the single PP, SS, PS, and SP migrated
modes are applied for both KDM and FVM and are shown in Figure 4.21, revealing
some clear reflections along and below the well (marked with A, B, and C).
Fig. 4.21: Mode-stack of KDM and FVM of the 3C raw zero-offset shot (perspective
view). crosstalks along the surface are marked by bold arrows. Major refletions are




Figure 4.23 and 4.24. Previous to the migration, the sections are filtered by an Ormsby
band-pass filter with the corner frequencies of 1, 5, 50, and 60 Hz. The amplitudes
are normalized by the maximum value of the PP1 migrated section and applied to the
other modes making the amplitudes comparable. The single results show a significantly
enhanced focusing of especially the reflected P-wave modes, even for the Kirchhoff
migration. Although, the single modes of the migrated images could be improved,
there are still strong artefacts visible only on the PS1 mode. Hence, the PS1 mode
is excluded from the mode-stack to more improve the migration result (Figure 4.25).
Further investigations show that the strongest amplitudes of the migrated modes can
be observed in the vicinity of the well down to 1000 m. At 1000 m and below no strong
reflections can be seen except for the SS1 mode, which shows strong amplitudes even
at greater depths. This can be explained by the lower attenuation of S-waves than of
the P-waves, which means a higher QS-to-QP ratio (Section 4.2.1), or by the better
polarization of S-waves at greater depths improving the migration algorithm itself.
Strong reflections at about 750 and 1100 m (E, A in Figure 4.25) on both PP1 and
SS1 coincide with the observations from the zero-offset shot and indicate the transition
from hyaloclastites to lava and intrusive rock boundaries (see Figure 1.4). Reflections
between 2600 and 3000 m, which mainly originate from the SS1 mode, may be an
indication of the inferred magma chamber at 2.5 to 3 km depth (C in Figure 4.25).
Fig. 4.23: Migration results of PP1, SS1, PS1, and SP1 modes of the re-processed
data as shown in Fig. 4.22 using Kirchhoff depth migration with KM1.
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Fig. 4.24: Migration results of PP1, SS1, PS1, and SP1 modes of the re-processed
data as shown in Fig. 4.22 using Fresnel volume migration and FM1.
Fig. 4.25: Final migration results showing the stacked Kirchhoff depth migration
and Fresnel volume migration of the re-processed zero-offset data, including the PP1,
SS1, and PS1 modes. Major refletions are marked by arrows and Latin letters.
Amplitudes are normalized by the maximum PP1 value.
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Far-Offset Migration
The migration of the far-offset shot slightly differs from that of the ZOVSP. The wave
paths do not yield the same geometric assumptions like waves propagating parallel to
the well and where reflections occur in the proximity of the receivers as it is the case for
the zero-offset shot. For the far-offset shot also dipping reflectors away from the well
have an essential impact on the wave paths. It is insufficient to consider only the up-
and downgoing waves separately in order to localize reflections. Thus, two different
shot gathers are used for the migration of the FOVSP (Table 4.2 and Figure A.4):
(1) the raw, horizontally rotated wavefield without f-k filter (FO1); (2) the f-k filtered
wavefield including only upgoing events (FO2).
Tab. 4.2: Data sets used for the far-offset migration (also compare with Fig. A.4).
Name Description
FO1 Raw, horizontally rotated CSG, bad traces are muted
FO2 Upgoing, horizontally rotated CSG, bad traces are muted
The different wave modes PP, SS, PS, and SP are migrated separately like for the
zero-offset migration (Section 4.4) and are normalized by the PP amplitudes. The
migration parameters used for the far-offset migration are shown in Table 4.1. The
results of the FO1 migration for both KDM and FVM are shown in Figures 4.26 and
4.27. The corresponding mode stacks are shown in Figure 4.28.
In the single migrated modes, the FVM show a more focused image than for the
KDM. However, the KDM shows comparatively good migration results revealing re-
flections at moderate depths (z = 1000–2000 m). Further, strong reflection amplitudes
below the well can be encountered for the SS and PS modes. A stronger reflective
zone between x = 0 and -1000 m can be observed in all four wave modes. It is also
visible in the mode-stacked results and coincides with a fissure observed at the surface
striking roughly NS, circa 800 m west of well K-18 (Figure 4.17, b and Figure 3.1). An-
other interesting reflection can be seen at depths of about 2500 to 3000 m throughout
all modes, with strongest amplitudes of the S-modes. A major problem in interpret-
ing these reflections is that with greater depths the more the constant velocity model
becomes incorrect and reflection depths cannot be determined correctly anymore. Cor-
responding S-mode reflections (SS, PS) can be seen for example at different depths
because of the different traveltimes for SS and PS interpreted events. This crosstalk
effect is shown in Figure 4.27 and exemplary marked with arrows on the SS and PS
modes. Nonetheless, those reflections roughly match with the observations made from
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the zero-offset migration indicating a reflector at a depth of approximately 2.5 km. The
mode stacked results of the raw far-offset gather (Figure 4.28) show a surprising im-
provement of the image, especially for the KDM. For a better display, amplitudes below
5% of the maximum amplitude are not displayed. East of the well, at distances between
x = 0 to -1000 m away from it, there is a steeply dipping reflective area, which mainly
extends in the range of the well (z ≤ 2000 m). The limited range can be explained
by the finite receiver coverage in depths, where the deeper parts of steeply dipping
fault structures cannot be mapped properly. Reflections along the well can hardly be
detected at all. Prominent reflections are marked with arrows for both stacked KDM
and KVM (Figure 4.28).
Fig. 4.26: 3C KDM of raw far-offset CSG using constant velocity model (KM1).
PP, SS, PS, and PS are migrated separately.
Fig. 4.27: 3C FVM of raw far-offset CSG using constant velocity model (FM1).
PP, SS, PS, and PS are migrated separately.
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Fig. 4.28: Mode-stacked migration results of raw 3C far-offset shot gather (FO1)
using KDM and FVM (perspective view). Major refletions are marked by arrows
and Latin letters. Amplitudes are normalized by the maximum PP value.
In the final migration step, the f-k filtered far-offset CSG with only the upgoing
events is considered (FO1, see Table 4.2). Each wave mode is migrated separately as
described in the sections before and finally the summed mode-stacks are displayed for
both KDM and FVM. The results are shown in Figures 4.29 – 4.31. They appear to
have a higher spatial resolution compared to those of the FO1 migration. Both KDM
and KVM show some strong reflections (C, B, E, and F in Figure 4.31) which partially
coincide with reflections determined from the zero-offset migration. The main reflec-
tions are marked with arrows within the migrated images. Steeply dipping events (G
and I in Figure 4.31) appear mitigated, because the downgoing wavefield is suppressed.
Reflections from below the well (C and H in Figure 4.31) have comparatively high
reflection amplitudes inferring a distinct change in the acoustic impedance and thus
change in the rock properties. Again, these strong reflections are mainly derived from
the S-wave reflections with appear to have the better penetration at greater depths.
Generally it can be observed, that the far-offset shot can be used to map events away
from the well, incorporating also dipping structures.
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Fig. 4.29: 3C KDM of separated far-offset CSG with only the upgoing wavefield
using constant velocity model (KM1). PP, SS, PS, and SP are migrated separately.
Fig. 4.30: 3C FVM of separated far-offset CSG with only the upgoing wavefield
using constant velocity model (FM1). PP, SS, PS, and SP are migrated separately.
Fig. 4.31: Mode-stacked migration results of separated 3C far-offset shot gather
(FO1) using KDM and FVM (perspective view). Major reflections are marked by
arrows and Latin letters. Amplitudes are normalized by the maximum PP value.
Chapter 5
Discussion
A goal of the EU project IMAGE is to test and validate methods for geothermal
exploration in magmatic regions. In this context, a VSP experiment was carried out
to examine the ability and potential of seismic imaging as an exploration tool for
deeper geothermal structures like faults, fissures, magmatic bodies, or steam caps. The
vertical acquisition geometry as well as the proximity of the placed receivers to the area
of interest are the characteristic features of the VSP or downhole seismic experiment.
Thus, the localization of structures can be improved in terms of spatial resolution and
S/N, which commonly suffers from strong attenuation of high-permeable and porous
surface layers in a volcanic/magmatic environment.
The interpretation of the 3C recorded seismic data is segmented into a 1C and 3C
processing of a zero- and far-offset shot, comprising a corridor stack and a 3C migration
of the subsurface.
The vertical component of the zero-offset shot is used to create the corridor stack
(Figure 4.12). It determines reflections along the well by comparing it with the litho-
logical profile or other well log properties (Figure 3.5). Results from the corridor stack
are limited to areas close to the well in the depth range of the placed receiver levels.
Reflections can be observed between hyaloclastites and basaltic lavas or intrusions, and
agree with changing rock interfaces shown by the lithology (Figure 4.12, b). Strong
reflections at about 100, 500, and 750 m also coincide with the transition of alteration
zones. Alteration zones play an important role in geothermal reservoir characterization
indicating inflow and water-rock contact zones.
It could be shown, that the air gun can be used to record signals down to 2200 m if
the offset is small enough (zero-offset). Signals up to 40 Hz with a dominant frequency
of about 20 Hz (Figure 4.5) are observed. As a result, air guns provide a relatively fast
and cost-efficient source in areas where e.g., dynamite or vibrators cannot be applied
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properly. Nevertheless, for larger source offsets they are insufficient and, for example,
dynamite must be applied instead. Higher frequencies could be observed for the far-
offset shot and dynamite explosives. However, the seismic resolution is restricted to
magnitudes of a few 100 meters for both sources (Section 4.4). In the processed zero-
offset shot, surprisingly, strong direct S-waves as well as P- to S-wave converted waves
are present, and can also be seen on the vertical geophone components. It is apparent,
that they have an undeniable impact on the later migration procedure, also due to
their higher Q-values (Menke et al., 1995), being more sensitive to structures even at
greater depths.
From P- and S-wave interval velocities a strong velocity gradient in the uppermost
100 m is observed (Figure 4.7). Related to Planke et al. (2000), low velocities at
shallow depths further supports the assumption of high-attenuating surface layers as
a result of less consolidated basalts (vesicular flow tops) from the youngest eruption
periods. The origin of reflections from below the well, as already seen in the corridor
stack (Figure 4.12, a) and the processed zero-offset seismogram, cannot be sufficiently
determined because of the unknown P-wave velocities below the well (> 2180 m depth).
The re-orientation (cf. Section 4.2.2) of the three geophone components is necessary
because of the rotation or twisting of the geophone chain inside the well during acqui-
sition. While the chain is moved, the information of the orientation of the horizontally
aligned geophone components are lost. The rotation of the geophone components is
crucial for the 3C processing as well as the 3C migration in order to determine the
origin of the recorded reflections (DiSiena et al., 1984). In addition, the rotation is
necessary to determine the orientation of the geophone levels inside the well. However,
rotation procedures can also be used to separate P- and S-waves (as well as identify
P- to S-conversions) and for shear-wave splitting analyses (Beilecke, 2003). It could
be observed, that far-offset orientation shots (check shots), for only the large chain
movements (Figure 3.4), are not sufficient for the rotation of the levels in between,
and rotation angles must be calculated separately. In theory, the rotation is based
on the evaluation of the first-arriving energy by assuming a moderate (ideally linear)
polarization on the horizontal components. Therefore, no additional error is added to
the data by the rotation of the vertical components. For the zero-offset shot, however,
the P-wave travel path is vertical along the well and no amplitudes on the horizontal
components would occur. Nevertheless, the rotation angles were calculated for those
geophone levels, where no orientation shot was carried out and shows reasonable results
for the uppermost 1000 m. This implies, that the offset between the source and the
well is large enough to record enough P-wave energy on the horizontal components.
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The VZ component of each geophone level is kept unrotated, since the well is assumed
to be vertical (deviation is less than 3◦). For the deeper geophone levels, the rotation
becomes more uncertain, which can be explained by a weaker polarization of P-waves
as well as a decreasing S/N with increasing depths (Hendrick and Hearn, 1999). As a
consequence, reflections are stronger influenced by these effects and during migration,
events may not be localized correctly. It can be argued, that for single component
interpretations and even standard 3C zero-offset processing, a check-shot is not neces-
sary in order to map reflections along the well. Related to 3C migration, where dipping
reflectors away from the well can also be imaged, a correct orientation information is
necessary and thus, a far-offset shot for each zero-offset station should be carried out.
This is, however, also a question of cost, and alternatively, other experiments like MSP
could be incorporated for the check-shot purpose.
Regarding the 3C processing of the far-offset shot (Section 4.3) it could be observed,
that after rotation of the components P- and S-wave energy is still distributed on all
three components. For a better distinction of the PP and PS modes, the processing
demands a more comprehensive study as, for instance, described by Singh and Bhanu
(2012).
Seismic migration is performed by the 3C Kirchhoff depth migration and 3C Fresnel
volume migration (Section 4.4). The migration process was constrained by a constant
velocity model determined from first-break interval velocities. This reduced the com-
putational time significantly but represents an approximation. Furthermore, it does
not take effects like anisotropy into account. Shear-wave anisotropy may be present as
the result of the aligned vertical faults and fissures (Menke et al., 1995). Because of
insufficient data and shot points, anisotropy is neglected. An essential factor, regarding
the interpretability of the migration results, is the limitation to a single shot for each
migration. Results therefore rather suggest possible reflector surfaces than to provide
complete structural information of subsurface reflectors. For a spatially more resolved
image, several shots are necessary to recover structural information from the migration
procedure. Nonetheless, the migration of a single shot shows reasonable results and
provides a first assessment of the applied procedure.
The 3C Fresnel volume migration, which is based on the restriction of the Kirchhoff
migration operator by the Fresnel zone (Figure 4.18), enhances the migration results
significantly, revealing reflections along and also below the well (Figures 4.19 – 4.21).
To save computation time the dominant frequency for the FVM is set to 100 Hz, which
is higher than that determined for the applied data (Figures 4.5, 4.15). Since this
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frequency is also used to constrain the migration operator, reflections appear more fo-
cused because of the smaller Fresnel zone. Migration artefacts, such as falsely mapped
reflections from crosstalks are mainly identified on the P-wave modes (PP, SP) result-
ing in vertical reflections along the surface (Figure 4.21), which cannot be real because
only the upgoing wavefield is considered. This effect can be removed from the zero-
offset data by migrating only one wave mode (PP, SS, PS, or SP). Other modes are
suppressed by a median filter (different for P- or S-wave refelctions) of the input data
(Figure 4.22). Eventually, the single migrated components are stacked to further im-
prove the migration results. Thus, reflection amplitudes are amplified and migration
artefacts are suppressed (Figure 4.25). This approach is an attempt to further improve
the migration image of a sparsely covered VSP survey.
By analysing mode constrained migration images, it is shown, that the S-wave re-
flections (PS and SP modes) appear to be more dominant, showing strong reflections
below the well (Figures 4.23 and 4.24). This also coincides with modelling approaches,
showing that most of the energy which is reflected at fracture zones corresponds to P-
to S-wave conversions and thus, should be considered in the migration process (Reiser
et al., 2015, and also from personal communication). Quality factors QS < QP (see
Section 4.2.1) further emphasizes the importance of S-wave reflections through their
less attenuation especially at greater depths. In addition, a significant improvement of
the results from the KDM could be achieved (Figures 4.19 and 4.23).
From the far-offset migrations, some strong reflections can be observed (Figures 4.26
– 4.31). A steeply dipping reflective area east of well K-18 coincides with the downwards
continuation of a fissure striking in the NS direction (Figure 3.1, 4.17). Here, results are
also influenced by crosstalks. Thus, reflections appear at different dips and distances
for different migration modes, being most distinctly recognizable from the FVM (see
Figures 4.27, 4.30). The dipping reflections cannot be confirmed by the zero-offset
migration, which is because of the small offset between the source and the well. Hence,
depending on the raypath and the reflection angles, steeply dipping reflectors cannot
be imaged with only the upgoing wavefield. Another dominant reflective zone can
be observed at about 2.5 km depth which shows an almost horizontal layering. It is
characterized by a sequence of strong S-wave reflections from both the far-offset and
the zero-offset shot, which also favours the assumption of a brittle-ductile transition,
which would result in a strong S-wave reflection coefficient since S-waves do not travel
in fluids. Due to the depth these reflections could also give a hint to the magma
chamber which is inferred to be at about 2.5 to 3 km depth in the Krafla Geothermal
Field (Einarsson, 1978).
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The migration is performed in 3D. However, the y-dimension of the 3D image grid is
limited to a 50 m grid spacing. Therefore, reflections can only be sufficiently interpreted
in the x-z planes.
Zero- and far-offset VSP, in a final consideration, have different potentials of map-
ping subsurface structures recorded in a single vertical well. Because of the small dis-
tance of the zero-offset source to the well, this method is primarily capable of mapping
horizontal reflections along the well path. The interpretation process itself is straight-
forward, making reflections easy to identify from only the single vertical component.
On the other hand, the larger source offset of the far-offset VSP provides information
on dipping structures below and away from the well, but this also requires a more
advanced processing by incorporating all three geophone components.
Chapter 6
Conclusion and Outlook
In this last chapter, results are concluded by summarizing the key statements found
within the presented work. Further proceedings, possible improvements, and the link
to other research projects are presented in the final outlook.
6.1 Conclusion
In this work, the acquisition of a VSP survey as a tool for geothermal exploration
within the high-enthalpy geothermal field Krafla in NE-Iceland is presented. Thereby,
it could be shown, that VSP, a method mostly applied in the oil and gas industry,
can be used to detect subsurface structures even under high-temperature well condi-
tions. Regarding high-attenuating surface layers, steeply dipping reflectors, and strong
wavefield scattering as mostly occur within geothermal reservoirs, VSP is also a novel
method in subsurface imaging. The proximity of receivers close to the area of inter-
est provides structural information with a higher S/N and, thus, is an advantage to
already well established potential, electromagnetic, or teleseismic methods with only a
low spatial resolution.
The data acquisition was successfully carried out in two injection wells of the geother-
mal reservoir with maximum temperatures of about 150 ◦C. The processing was carried
out for 3C seismic data recorded in well K-18, both for a zero- and far-offset shot ge-
ometry. As a final processing part, Fresnel volume migration could be used to map
subsurface reflections at small apertures to reveal reasonable reflections along, below,
and away from the well.
In summary, the following key statements can be concluded:
• VSP can be applied in high-temperature geothermal fields (T ≥ 150 ◦C).
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• The air gun is a cost-efficient energy source for a zero-offset VSP in geothermal
areas with magmatic background, providing a good S/N down to depths of 2000 m
and signal frequencies up to 40 Hz.
• A shallow, strong velocity gradient indicates a high-attenuating surface layer.
• 3C Fresnel volume migration can be used to enhance the subsurface image of a
single 3C VSP even for small apertures and small source offsets.
• Reflected S-waves suffer less strong from attenuation and may be used to delineate
structures below the well.
• Zones of low S/N and velocity occur in areas of higher porosity and inflow zones.
• P-to-S and S-to-S mode conversions exhibit relatively strong reflection ampli-
tudes.
• Migration results suffer from artefacts like crosstalks which can be suppressed by
wave-mode separations of the zero-offset input data.
Seismic imaging, as a tool for geothermal exploration is still challenging due to
small impedance contrasts and small scale targets, discontinuities, and steeply dipping
reflectors, as they are typically related with magmatic geothermal systems. The here
presented work reveals a first impression of VSP and its potential for geothermal explo-
ration. Especially with respect of the drilling process, VSP can be used as a promising
exploration tool to mitigate risks by forecasting, e.g. zones of partial meltings, or in-
flows, with a comparatively high spatial resolution.
6.2 Outlook
The introduced processing and migration techniques are only a small part of possible
methods for subsurface imaging of seismic data. Other techniques are, for instance,
seismic attribute analyses, full waveform inversion, or shear-wave splitting analyses.
Furthermore, the extension to a 1D, 2D, or even 3D velocity model can be used to
improve the localization of reflectors in the subsurface. Hereby, also seismic anisotropy
can be taken into account. Additionally, the image grid can be refined in the y-direction
to better identify reflections in the z-y plane, and to better map structures in all three
dimensions.
As mentioned at the very beginning, the data presented and processed within this
work represent only a subset of data recorded during this survey. Additional zero- and
far-offset processings of the data recorded in a second well (K-26) can be used to provide
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an more detailed image of the subsurface below and between the wells. Especially, the
presumably presence of a shallow steam cap in the production area, around well K-26,
might be clarified, being of great importance for future reservoir assessments. Also, in
combination with the multi-offset VSP (MSP), the integration of both well locations
into one imaging process can be applied to enhance the localization of structures like
the inferred magma chamber or the shallow steam cap in the field. Additional wells in
further VSP experiments may also be used to update the structural resolution and to
provide more detailed velocity information of at least the uppermost 2 km.
Finally, results can be used to support other projects aiming to explore deeper
structures like magmatic bodies as it is the case for the Krafla Magma Drilling Project
(KMDP)1. Here, the core sampling of rhyolitic melts from deep magmatic structures
is planned, and thus, may be a good opportunity to further clarify whether VSP can





A.1 2D Fourier Transform
The 2D Fourier transform is an integral transformation that transforms a function or
signal from the time-space (t-x) domain into the frequency-wavenumber (f-k) domain
by applying an one dimensional Fourier transform both in time and space (Sheriff,
2002). Given is the 2D Fourier transform pair
F (f, k) =
∫∫ ∞
−∞
f(x, t) e−i(kx + 2πft) dx dt (1.1)
f (t, x) =
∫∫ ∞
−∞
F (f, k) ei(kx + 2πft) df dk (1.2)
where F represents the 2D Fourier transform in the f-k domain of f. Equation 1.1 is
called Fourier analysis and Equation 1.2 is called Fourier synthesis or inverse Fourier
transform.
For a finite, discrete function (here, the seismic record), Equations 1.1 and 1.2 can











t = 0, . . . , M − 1 ,













N ) f = 0, . . . , M − 1,
k = 0, · · · , N − 1
(1.4)
For practical purposes, the Fourier transform for a given time series is calculated nu-
merically by the Fast Fourier Transform (FFT) algorithm (Cooley and Tukey, 1965).
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A.2 Amplitude Spectra






























































Fig. A.1: Frequency spectrum of zero-offset shot. Averaged for each component
VZ, HX, HY. Displayed for both frequency range up to the Nyquist frequency (left)
and 100 Hz (right).






























































Fig. A.2: Frequency spectrum of far-offset shot. Averaged for each component VZ,
HX, HY. Displayed for both frequency range up to the Nyquist frequency (left) and
100 Hz (right).
A.3 3C Re-Orientation
The re-orientation and rotation process based on the polarization of the first arriving
energy at a 3C receiver level. The re-orientation is performed by two separate rotations
of the angles θ and ϕ by minimizing the transverse energy (e.g., DiSiena et al., 1984,
Daley et al., 1988). The azimuth θ is the angle defined counter-clockwise from the HX
axis and is used for the horizontal re-orientation of the level. It can be determined by
a least square fitting problem through all samples of a window in the HX -HY plane
as exemplarily shown in Figure A.3. The figure shows a nearly liner polarized first
arrival on both horizontal components. Afterwards the first rotation (R1) is carried
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out by minimizing the energy on the HY component and can be expressed by a matrix
rotation given by ⎛⎝HR
ST
⎞⎠ =
⎛⎝ cos θ sin θ




For zero-offset sections in a vertical well, with a small angle of incidence of the arriving
waves, a persistent vertical particle motion can be assumed, and thus, a single horizontal
rotation is sufficient.
The inclination φ is defined clockwise from the VZ axis (Figure A.3). The second
rotation (R2) is performed by rotating the VZ and HR component around HT within




⎛⎝ cos φ sin φ




The oriented component R points to the source and represents the radial component
or the direct-arrival P-wave energy. The second radial component SR includes the
SV-wave arriving wavefield.
If both azimuth and inclination are known, the rotation is expressed by a single







cos φ cos θ sin φ cos φ sin θ
− sin φ cos θ cos φ sin θ cos φ






















Fig. A.3: Particle hodograms for the re-orientation of 3C recorded data by polar-
ization analyses, based on minimizing the transverse energy.
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A.4 Far-Offset VSP
Depth (m)



































































Fig. A.4: Processed far-offset shot gathers (VZ, HR, ST), bandpass filtered and




The following table summarizes the software used to create this thesis.
Program Developer Description
Inkscape The Inkscape developers Free and open source vector graphics
editor
ISIS GFZ Potsdam Integrated Seismic Imaging System —
program codes for the 3D imaging of
discontinuities from seismic registra-
tions around tunnels or boreholes
LibreOffice The Document Foundation Free and open source office suite
MATLABTM MathWorksTM High-level language and interactive en-
vironment
ProMAXTM LandmarkTM Seismic processing software
StraterTM Golden Software Stratigraphical well log, borehole and
cross section plotting software
Texmaker Pascal Brachet Free cross-platform LATEX editor
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Yilmaz, Ö. Seismic data processing. Society of Exploration Geophysicists, 1990.
Yordkayhun, S., Ivanova, A., Giese, R., Juhlin, C., and Cosma, C. Comparison of sur-
face seismic sources at the CO2SINK site, Ketzin, Germany. Geophysical Prospecting,
57(1):125–139, 2009.
